INTRODUCTION
The superoxide radical O 2
•−
The second system, only found in prokaryotic cells, is the recently characterized non-heme iron superoxide reductase (SOR) (1, 2, 6) .
The SOR active site consists of a mononuclear ferrous ion in an unusual [Fe 2+ (N-His) 4 
(S-Cys)]
square pyramidal pentacoordination (7, 8) . The free, solvent exposed, sixth coordination position is the site of O 2 •− reduction (5, 6) . In the case of the SOR from Desulfoarculus baarsii, the reaction with
•− proceeds through two reaction intermediates (9, 10 (10) .
RESULTS

Reaction mechanism of the SOR-ferrocyanide complex studied by pulse radiolysis
The reaction of D. baarsii SOR with O 2 •− in the presence of potassium ferrocyanide was investigated by pulse radiolysis, as previously described (9, 10) . O 2 •− was generated in less than 1 μs by scavenging radiolytically generated HO • free radicals by 100 mM formate, in O Fig. 2B) , k 1app decreased linearly with increasing ferrocyanide concentration. Above a slight molar excess of ferrocyanide, the reaction became ferrocyanide independent, with a k 1app value of (1.70±0.08)x10 4 s -1 , a value about 6 times lower than in the absence of ferrocyanide (Fig. 2B ). In the presence of 5 molar equivalents of ferrocyanide with respect to SOR, the k 1app value was found to be proportional to the SOR concentration (Inset Fig. 2B ).
A K d value of 0.80±0.07 μM was determined for the binding of ferrocyanide to SOR (Fig. S1) In the absence of ferrocyanide, as described previously (9, 10), a second reaction intermediate was formed ca. 10 ms after the pulse. Fig. 3 shows representative traces at 580 nm, in the presence of 0, 1, and 1.2 to 10 molar equivalents of ferrocyanide, in the millisecond timescale. Between 0 and 1.2 molar equivalent of ferrocyanide, increasing the concentration of ferrocyanide induced variation of the amplitude of the traces at the different wavelengths investigated ( Fig. 3 and not shown). No further change occurred above a ferrocyanide:SOR ratio of 1.2, up to 10 molar equivalents of ferrocyanide. For ferrocyanide:SOR ratios between 1.2 and 10, after the first rapid process described by k 1 , all the kinetic traces were single exponential processes, with identical rate constants k 2app =445±20 s -1 (Fig. 3 ). In the presence of 5 equivalents of ferrocyanide with respect to SOR, this rate constant did not depend on the SOR concentration (inset of Fig. 3 ). This shows that the free ferrocyanide molecules present in the solution do not react with the complex at this stage. At constant ionic strength, in the presence of 5 equivalents of ferrocyanide, k 2app value was found to vary linearly with Tris and formate concentrations (Fig. S2 ), whereas k 1 value did not depend on these concentrations (data not shown). When Tris concentration was varied between 1 and 10 mM, k 2app
increased by a factor of 1.6. More significantly, when formate concentration was varied between 10 and 100 mM, k 2app increased by a factor of 3.5 ( Fig. S2 ). This shows that formate, and more moderately Tris, are involved in the reaction process described by k 2app .
The data are consistent with the formation of two reaction intermediates. Their spectra were constructed at the delay time of their maximum formation. Fig. 4A shows the spectrum of the first intermediate recorded 300 μs after the pulse for a SOR:ferrocyanide ratio of 5. It differs from that recorded in the absence of ferrocyanide (10) . Two peaks are observed at 420 and 580 nm. Table 1 ).
The final difference spectra of the SOR-ferrocyanide solutions after reaction with O 2 •− (reference is unreacted solutions) allow quantification of oxidized SOR and ferricyanide (Table 1 and Fig. S3 ).
Identical spectra were obtained in the presence of catalytic amounts of catalase (not shown). In the absence of ferrocyanide, as previously reported (10), SOR is stoechiometrically oxidized by O 2
•− (Table 1 ). In the presence of increasing equivalents of ferrocyanide, the concentration of oxidized SOR is lowered, whereas that of ferricyanide increases, as determined from the apparition of its absorbance band at 420 nm ( Fig. S3 and Table 1 ). The sum of the oxidized amounts of SOR plus ferricyanide remains constant and equal to the concentration of O 2 •− produced during the experiment (Table 1) . Treating these irradiated solutions with iridium chloride or ammonium persulfate induces full oxidation of SOR and ferrocyanide, the concentrations of which are identical to those before irradiation (data not shown). This indicates that neither the active site of SOR nor the Fe(CN) 6 species have been destroyed during the reaction. with the values reported in Table 1 .
FTIR spectroscopy analysis of the reaction
It has been reported that the SOR-ferrocyanide complex for the Treponema pallidum and
Desulfovibrio vulgaris enzymes exhibits characteristic FTIR bands at 2095, 2047 and 2024 cm -1 , assigned to the ν(CN) stretching mode of the bridging, equatorial and axial cyanide groups of ferrocyanide, respectively (12) . The FTIR spectrum of a concentrated preparation of a D. baarsii SOR-ferrocyanide complex shows almost identical features (Fig. S4) . The FTIR spectrum of the SOR-ferrocyanide complex after irradiation, in the same experimental conditions as those of Table 1 (followed by concentration), shows no significant modifications of the frequency and intensities of the bands associated with the ferrocyanide complexed with SOR (Fig. S4 ). This shows that the SORferrocyanide complex has not been altered during the reaction with O 2 •− and that the ferrocyanide bound to SOR remains in the reduced state after the reaction with O 2
•− . .
Search for Fenton reaction
In vivo, the SOR-ferrocyanide complex increases protection against oxidative stress
The results show that the SOR-ferrocyanide complex scavenges O 2 •− without generating H 2 O 2 .
Given the high toxicity of H 2 O 2 , such a property could result in a significant increase of the antioxidant capability of SOR in vivo, resulting in enhanced protection of the cell against oxidative damage. We tested this hypothesis by analyzing the phenotype of an E. coli sodA sodB recA mutant strain in which SOR was expressed in the presence or in the absence of ferrocyanide in the culture medium ( Table 2) . The E. coli mutant did not grow in the presence of oxygen because of the combined lack of superoxide dismutase (sodA sodB) and the DNA strand break repair activity (recA), which results in lethal oxidative damage (14) . Previous studies have shown that full overexpression of SOR efficiently compensates for the lack of SOD in E. coli (14) . As shown in Table 2 , moderate expression of SOR, achieved by induction of the sor gene with low IPTG concentrations, efficiently but not totally compensates the lack of SOD. Expression of an E. coli Mn SOD in the same experimental conditions leads to a similar phenotype (Table 2) . When 1 mM ferrocyanide is added to the culture medium, the viability of the SOR expressing bacteria is increased by a factor of three. The difference is also significant with 5 mM ferrocyanide, which is the upper limit of apparent toxicity of ferrocyanide for E. coli cells (data not shown). Addition of ferrocyanide at 1 or 5 mM in the culture of the Mn SOD expressing bacteria, did not induce any significant effect on the aerobic survival of the cell (Table 2) . These data show a specific effect of the presence of ferrocyanide in increasing the antioxidant properties of the SOR-expressing system in vivo.
Soluble extracts were prepared from cells overexpressing SOR and grown in the presence of 1 mM ferrocyanide. After oxidation using ammonium persulfate, the UV-visible analyses of the soluble extracts reveal the presence of a 420 nm band, characteristic of ferricyanide. This band is not present in extracts from cells grown in the absence of ferrocyanide (Fig. S5 ). In addition, size exclusion chromatography of the soluble extracts showed that ferrocyanide is associated with the SOR protein (Fig. S5 ). These data demonstrate that a SOR-Fe(CN) 6 complex is formed within the cells when ferrocyanide is added to the culture medium.
In the presence of NADH or NADPH as electron donors, cells extracts were found to catalyze the reduction of the oxidized forms of the SOR-Fe(CN) 6 complex (Table S1 ). This shows that the soluble extracts contain NAD(P)H dependent reductases that can regenerate the active form of the complex. The reduction rates of the complex were found similar to that reported for SOR alone (4).
These data indicate that the reaction of the SOR-Fe(CN) 6 complex with O 2 •− can be catalytic within the cell.
DISCUSSION
The recent crystal structure of SOR from D. baarsii revealed that the organometallic compound ferrocyanide makes a complex with the enzyme active site (8) . This is the first example of a complex between ferrocyanide and an iron site of a metalloenzyme. The ferrocyanide entirely plugs the SOR active site, with several surface residues involved in hydrogen bonds with the cyanide moieties ( Fig.   1 ). This intriguing structure initially suggested that ferrocyanide could potentially be a strong inhibitor of SOR activity.
Here, we show that, on the contrary, the SOR-ferrocyanide complex reacts very efficiently with
. However, the presence of the ferrocyanide adduct markedly modifies the reaction mechanism.
Although the complex, like SOR alone, carries out one-electron reduction chemistry on O 2 . From this bimolecular reaction, two intermediate species are formed sequentially, with different absorption spectra from those observed in the absence of ferrocyanide (Fig. 4, Scheme 1) . In both intermediates, the presence of an absorption band centered at 420 nm shows that the ferrocyanide It should be noted that, because ferrocyanide is negatively charged, one would have expected strong electrostatic repulsions with the superoxide anion. However, when complexed to SOR, the electrostatic properties of the complex with the presence of positive charges near the ferrocyanide, Lys48 for example (Fig.1) , could be one of the features that allow reaction of O 2 •− with the ferrocyanide adduct.
FTIR analysis of the final reaction products a few minutes after the reaction with O 2 •− show that the protein-bound Fe(CN) 6 is in a reduced state (Fig. S4 ) and the SOR active site is mostly in the oxidized state (Fig. S3) . This suggests that a redox equilibrium has settled between the various oxidized and reduced species present at the end of the reaction, on a longer time scale than that observed by pulse radiolysis (Scheme 1 
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli strain QC2375 was previously described in (14) . Plasmid pMJ25 is a pJF119EH derivative, in which the sor gene from D. baarsii is under the control of a tac promotor (14) . The plasmid pCW-SODA (C. Weill, unpublished results) is a pMJ25 derivative, in which the sor gene is replaced by the E. coli sodA structural gene, allowing expression of the Mn SOD under the control of a tac promotor.
Protein preparation. The recombinant SOR from D. baarsii was purified as described in (4). The protein was isolated with a reduced active site, not oxidized in the presence of oxygen.
Pulse radiolysis experiments. Free radicals were generated by a 200 ns pulse of 4.5 MeV from a linear electron accelerator located at the Curie Institute, Orsay, France. O 2 •− was generated by scavenging radiolytically generated HO • free radicals by 100 mM formate, in O 2 saturated solution, 10 mM Tris/HCl pH 7.6 (9). The doses per pulse were ca. 5 Gy ([O 2
•− ]=3 µM), calibrated with a thiocyanate dosimeter (9). The reaction was followed spectrophotometrically at 20 °C, in a 2 cm path length cuvette.
γ-Ray radiolysis experiments. γ-ray irradiations were carried out at 20 °C using a cobalt-60 source, at a dose rate of 17.6 Gy.min -1 . The SOR solutions were made up in 10 mM Tris/HCl buffer pH 7.6, 100 mM sodium formate and saturated with pure O 2 at room temperature. Concentrated potassium hexacyanoferrate (II) was added to the solution just prior to irradiation. The duration of irradiation was 5 min (88 Gy). Immediately after irradiation, UV-visible spectra of the solution were recorded in parallel with that of a non-irradiated solution kept under the same conditions. Hydrogen peroxide production was determined immediately after irradiation using the leuco crystal violet horseradish peroxidase method as described in (17) .
Electrospray ionization mass spectroscopy. Mass spectra were obtained on a Perkin-Elmer Sciex API III+ triple quadrupole mass spectrometer equipped with a nebulizer-assisted electrospray source operating at atmospheric pressure. Samples were in 10 mM ammonium acetate.
FTIR spectroscopy. FTIR absorption spectra were recorded at 4 cm -1 resolution, using a Bruker 
